that was later extended to perform C-P couplings for the asymmetric synthesis of heterobiaryl phosphines including QUINAP, Fig. 1 Axially chiral heterobiaryls relevant to catalysis.
The dynamic kinetic Pd 0 -catalyzed alkynylation of racemic heterobiaryl sulfonates was used for the asymmetric synthesis of axially chiral heterobiaryl alkynes with a broad scope. The use of Pd(OAc) 2 / (S)-QUINAP as the precatalyst provides products in excellent yields and enantioselectivities under mild conditions (DMSO, 40 8C).
Semireduction, 1,3-dipolar cycladdition or N-oxidation served to illustrate the synthetic potential of the methodology.
Axially chiral biaryls are often found in natural products 1 as well as biologically active molecules and constitute privileged frameworks for ligands in the field of asymmetric catalysis. 2 Despite their key importance, methods to access these moieties in high efficiency and selectivity are still scarce and limited in substrate scope. 3 While significant advances have been reported in asymmetric cross-couplings to build the central axis of the molecule, 4 this direct strategy fails when heterocyclic coupling partners are employed. 5 However, the growing number of applications of axially chiral 2-arylpyridines(isoquinolines) such as I-V (Fig. 1 PINAP, and QUINAZOLINAP analogues 12 and Buchwald-Hartwig aminations leading to heterobiaryl amines (Isoquinoline-Amino Naphthalene (IAN) and analogues).
13
Although the dynamic kinetic Suzuki-Miyaura coupling via DYKAT represents an appealing C-C bond forming strategy for the atroposelective synthesis of axially chiral heterobiaryls, the absence of reactive or coordinating functionalities at the ortho position limits its further applicability (e.g., as chiral bidentate ligands or organocatalysts).
14 We therefore examined the possibility of a DYKAT-based strategy for the introduction of versatile groups capable of further functionalization or coordination. Because alkynes are privileged building blocks, 15 we decided to look into the asymmetric alkynylation of racemic heterobiaryl electrophiles (Scheme 1d). 16, 17 We selected the coupling of racemic 1-(isoquinolin-1-yl)-naphthalene-2-yl nonaflate 1A with phenylacetylene 2a as a model reaction (Table 1 ). In the presence of 10 mol% of Pd(dba) 2 and 11 mol% (R)-BINAP L1 and using DIPEA (3 eq.) as the base in dioxane at 60 1C, the desired product 2Aa was obtained with moderate conversion and enantioselectivity (entry 1).
Although disappointing from the synthetic viewpoint, this experiment served as a proof of concept and confirmed the configurational stability of the product. A survey of different solvents revealed that DMSO facilitated high conversion while maintaining a similar enantioselectivity (entry 2). Under these conditions, different commercially available axially chiral biphosphines L2-L6 (Table 1, entries 3-7 and Table S1 in the ESI †) were examined, but the enantioselectivity could not be improved. The use of phosphoramidite ligand L7 (employed in our previous dynamic kinetic Suzuki reaction) 11 and phosphino-hydrazone ligand L8 (efficient in atropo-enantioselective Suzuki-Miyaura cross-couplings) 4g provided excellent conversions into the desired product 3Aa but with low enantioselectivities (entries 8 and 9). Finally we were pleased to find out that ligand L9, (S)-QUINAP L10 and the fluorinated derivative L11 12a provided higher enantioselectivities with complete conversions (entries 10-12). After an additional screening of base, Pd source and temperature (entries 13-19 and Table S1 in the ESI †), we identified L10 as an optimal ligand that enables the reaction to proceed at 40 1C with a lower catalyst loading (5 mol%) and excellent results (99% conv., 97% ee). It is worth mentioning that no additional Cu I co-catalyst is needed in this transformation.
With the optimized reaction conditions in hand [5 mol% Pd(OAc) 2 /6 mol% QUINAP, Et 3 N (3 eq.) as the catalyst, DMSO, 40 1C], we next explored the alkyne scope using 1A as the heterobiaryl partner (Scheme 2). Phenylacetylenes with electrondonating ( p-MeO, p-NMe 2 ) or withdrawing substituents ( p-F, p-Br) afforded the desired products (3Aa-e) in excellent yields (95% to quantitative) and enantioselectivities (up to 95% ee). Importantly, no evidence of the competing coupling at the C-Br bond was observed in the preparation of 3Ae, highlighting how the high chemoselectivity of the reaction allows for the inclusion of strategic functionalities prone to undergo further transformations. The lower enantioselectivity observed for 3Af can be attributed to the interferences that the coordination of the nitrile group, of either the starting alkyne 2f or the product, might cause in the enantiodetermining step. Excellent yields and enantioselectivities were also observed for hindered aryl-or naphthylsubstituted acetylenes 2h-k, while the use of enyne 2l and alkynes 2m-p bearing different linear and cyclic aliphatic substituents, including a secondary propargylic and homopropargylic alcohol, also provided the desired products in excellent yields and ees. The use of trimethylsilylacetylene 2q led to the TMS-protected product 3Aq, also obtained in high yield and selectivity. The ensuing high-yielding deprotection with TBAF provided the terminal alkyne 4A without erosion of optical purity. Importantly, a lower catalyst loading (1 mol% [Pd]/1.2 mol% L10) was required for the reaction of rac-1A with 2q on a larger scale (2 mmol, 1.1 g), leading to 4A in 80% overall yield and with the same ee after TMS removal. We next explored the scope of the reaction with respect to other heterobiaryl sulfonates using phenylacetylene 2a, 1-octyne 2n and trimethylsilylacetylene 2q as the alkyne counterparts (Scheme 3). Variations in the structure of the heterobiaryl frame did not have an impact on the reaction outcome. Thus, quinazoline and phthalazine derivatives 1B and 1C afforded the corresponding alkynes with excellent selectivities, independently of the leaving group used (OTf or ONf). As mentioned before, the corresponding TMS-protected alkynes could be desilylated using TBAF to afford the terminal alkynes 4B and 4C in high yield without compromising the configurational integrity of the final product. Additionally, heterobiaryl alkynes derived from picoline 1D could also be obtained in high yields and ees. Heterobiaryl nonaflate 1E is a priori a more challenging substrate for the undesired effects of the push-pull conjugation with the OMe group in the key oxidative addition intermediate: first, a partial double bond character and a shorter C(1)-C(1 0 ) bond length are expected to slow down the required atropoisomerization at this stage 18 ( Fig. 2) . Second, the dissociation of the N-Pd bond, enabling the coordination of the alkyne, is also made difficult by the higher basicity of the isoquinoline N atom. In fact, 1E was not a suitable substrate in previous DYKAT-based strategies, 10,12a,13 but the better efficiency of the alkynylation reaction allowed the isolation of compounds 3Ea,n,q in excellent yields and good to excellent ees. The absolute R configurations of (R)-3Ak and (R)-3Ea were determined by X-ray diffraction analysis while those of other products 3 were assigned by analogy.
To further demonstrate the potential of this new methodology, the terminal alkyne 4A was used as a platform for the synthesis of new families of axially chiral heterobiaryls that are otherwise difficult to obtain. Highly chemoselective semireduction of the alkyne was accomplished in good yield according to a recently reported procedure 19 (Scheme 4a). The resulting compound 5 represents a novel example (with axially chirality) of the so far underdeveloped chiral N/olefin hybrid ligands (e.g., OlefOx) that have already shown an excellent performance in asymmetric catalysis. 20 Furthermore, a unique axially chiral N,N-ligand 6 was prepared via Cu(I)-catalyzed dipolar cycloaddition 21 of 4A with benzyl azide in good yield under mild conditions (Scheme 4b). Finally, selective N-oxidation of 4A using m-CPBA afforded N-oxide 7 in 94% yield (Scheme 4c). Remarkably, the stereochemical integrity is completely preserved for all the above transformations. In summary, we have developed a highly efficient methodology for the synthesis of heterobiaryl alkynes based on a dynamic kinetic asymmetric alkynylation reaction. Broad scope, functional group Scheme 3 Scope of heterobiaryls. All reactions were performed at 0.1 mmol scale and reached full conversion as determined by TLC and 1 H NMR spectroscopy. Isolated yields after column chromatography. Ees were determined by HPLC. tolerance and excellent enantioselectivities were achieved using a Pd 0 /QUINAP catalytic system (down to 1 mol%) under mild conditions (40 1C). The newly installed alkynyl group was readily transformed to access novel axially chiral bidentate ligands. We thank the Spanish MINECO (Grants CTQ2013-48164-C2-1-P and CTQ2013-48164-C2-2-P, contract RYC-2013-12585 for A.R.), European FEDER Funds, and Junta de Andalucía (Grant 2012/ FQM 10787) for financial support. VH thanks the EU 7th Framework Program, Marie Skłodowska-Curie actions for a Talent Hub fellowship (COFUND -Grant no. 291780).
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